The sulfur-containing amino acid methionine is of major importance in the cellular metabolism of all living organisms. Methionine is the universal initiator of protein synthesis, and its derivative S-adenosylmethionine (SAM) and autoinducer-2 (AI-2) (see Fig. 1 ) are involved in a variety of cellular processes. SAM serves as the major biological methyl donor in methylation reactions, which are essential for the biosynthesis of phospholipids, proteins, DNA, and RNA (11) , and the signaling molecule AI-2 is involved in interspecies communication and gene regulation in both gram-negative and grampositive bacteria (7, 21, 46) . Methionine availability is limiting for the growth of several lactic acid bacteria (4) and group B streptococci (39) , and methionine biosynthetic genes are essential for the virulence of Brucella melitensis (28) , Haemophilus parasuis (22) , and Salmonella enterica (9) .
Methionine can be either supplied from the environment by the cell or synthesized de novo (see Fig. 1 ). Two methionine transport systems in microorganisms have been described previously: an ABC transporter that belongs to the methionine uptake transporter (MUT) family (23, 33, 48) and BcaP of the permease transporter family (8) . Methionine can be produced directly by the methylation of homocysteine by a methionine synthase (MetE) in conjunction with a methylenetetrahydrofolate reductase (MetF) (see Fig. 1 ) (16, 27) . Homocysteine can be synthesized from (i) cysteine by the transsulfuration pathway (MetA, MetB, and MetC), (ii) sulfide by the sulfhydrylation pathway (MetA and CysD), and (iii) methionine by the SAM recycling pathway (MetK, Pfs, and LuxS). Both the transsulfuration and sulfhydrylation pathways start with O-acylhomoserine, synthesized by the acylation of homoserine by homoserine acyltransferase (MetA). In the transsulfuration pathway, homocysteine is formed from O-acylhomoserine and cysteine in two steps, with the intermediary formation of cystathionine. This process requires the sequential action of a cystathionine ␥-synthase (MetB) and a cystathionine ␤-lyase (MetC). In the sulfhydrylation pathway, homocysteine is directly synthesized from O-acylhomoserine and sulfide by Oacylhomoserine sulfhydrylase (CysD). Finally, in the SAM recycling pathway, methionine serves as a substrate for the synthesis of homocysteine, after its activation by ATP to form SAM. The utilization of SAM as a methyl donor results in the formation of S-adenosylhomocysteine, which is degraded into AI-2 and homocysteine by the successive action of an S-adenosylhomocysteine nucleosidase (Pfs) and an S-ribosylhomocysteinase (LuxS) (see Fig. 1 ).
While methionine biosynthetic enzymes and metabolic pathways are well conserved among bacteria, the regulation of methionine metabolism often involves very different mechanisms. Two transcriptional regulators, MetJ and MetR, regulate the expression of methionine biosynthetic genes in Escherichia coli and Salmonella enterica serovar Typhimurium (16, 45) . The E. coli met genes (except for metH) are negatively regulated by the MetJ repressor, with SAM serving as a corepressor (37) . Several of these genes are also under the positive control of MetR, a LysR-type transcriptional regulator (LTTR), with homocysteine as a coeffector (3, 5, 30, 43, 44) . In Bacillus subtilis, the met genes are controlled by a mechanism of premature termination of transcription at the conserved S-box motif (1, 17) . Here, SAM binds directly to the 5Ј untranslated part of the mRNA at the S-box motif to modulate the expression of the downstream genes (31, 32) . In the food bacterium Lactococcus lactis, a unique regulator, FhuR (CmbR), controls most of the genes of the cysteine and methionine biosynthesis pathways, including those involved in the interconversion and transport of these amino acids (41) . The LTTR FhuR directly activates the expression of these genes with the first intermediate of cysteine synthesis, O-acetylserine (OAS), as a coeffector (10, 41) . Very little is known about the regulation of methionine metabolism in other streptococci. In group B streptococci, the LTTR MtaR regulates the synthesis of an uncharacterized methionine transporter (39) . However, neither the signal nor the MtaR-binding site has been characterized. It is noteworthy that MtaR shows only weak similarity to FhuR (31% identity) and that no FhuR-binding sites are found in the streptococcal genomes (15, 41) . The control of methionine metabolism in other streptococci may be different from the characterized control system in L. lactis.
These considerations prompted us to study the possible role of MetR (formerly Smu.1225), an MtaR-like protein (81% identical to MtaR), in the control of methionine metabolism in Streptococcus mutans, the primary etiological agent of human dental caries. We showed that MetR activated the expression of several genes whose products are involved in methionine synthesis (MetEF and Smu.1487) and uptake (AtmBDE) by binding directly to their promoter regions. Both MetR binding and MetR-dependent transcriptional activation required the presence of a 17-bp palindromic sequence, the Met box. We also showed that homocysteine, an intermediate of methionine biosynthesis, triggered the MetR-dependent expression of smu.1487 and the metEF and atmBCDE clusters in vivo and increased the affinity of the regulator for its target sequences in vitro. Finally, we demonstrated that the characterized MetRdependent regulation of methionine metabolism in S. mutans was operative in S. thermophilus and, therefore, may widely apply to streptococci.
MATERIALS AND METHODS
Bacterial strains, plasmids, culture media, and growth conditions. The bacterial strains used in this study are listed in Table 1 . E. coli TG1 was used for plasmid propagation. E. coli was grown in Luria-Bertani medium at 37°C (29) . S. mutans strains were grown at 37°C in M17 glucose medium or in chemically defined medium (42) containing glucose (20 g/liter) as the carbon source and all amino acids except methionine and cysteine (CDM). The CDM was supplemented with 1 mM sulfide (Na 2 S; Sigma), 1 mM sulfite (Na 2 SO 3 ; Merck), 0.5 mM disulfite (Na 2 S 2 O 5 ; Merck), 1 mM sulfate (Na 2 SO 4 ; Merck), 0.5 mM thiosulfate (Na 2 S 2 O 3 ; Merck), 0.67 mM D-methionine (Sigma), or 0.7 mM seleno-L-methionine (Sigma) when indicated. The CDM was supplemented with 0.67 mM L-methionine (Merck; CDMϩM), 1.65 mM L-cysteine (Sigma; CDMϩC), or L-cysteine and L-methionine (CDMϩCM) as noted. The effect of OAS (Sigma), thiosulfate, N-acetylserine (Sigma), sulfide, or DL-homocysteine (Sigma) on transcription was tested by the addition of 4 mM concentrations of these compounds to exponentially growing cells (optical density at 600 nm [OD 600 ] of 0.2) in CDMϩCM. When required, 5-bromo-4-chloro-3-indolyl-␤-D-galactoside (0.04 g/liter), isopropyl-1-␤-D-thiogalactopyranoside (IPTG; 0.04 g/liter), ampicillin (100 g/ml for E. coli), erythromycin (8 g/ml for S. mutans and 100 g/ml for E. coli), and tetracycline (3 g/ml for S. mutans) were added to the culture medium.
DNA manipulation procedures. DNA manipulations and E. coli transformation were performed as described previously (41) . All enzymes for DNA technology were used according to the manufacturers' specifications. The transformation of S. mutans by natural competence was performed as described by Murchison et al. (34) . Primers used in this work were synthesized by SigmaGenosys (Table 2) . DNA sequencing of both strands was performed by using a fluorescence sequencing procedure.
Gene deletion in S. mutans. The chromosomal atmB, atmBCDE, cysD, metC, metE, metR (smu.1225), and smu.1487 genes in the S. mutans UA159 strain were deleted as follows. Two DNA fragments of about 750 bp corresponding to the upstream and the downstream regions of each gene were amplified by PCR using specific primers (Table 2) . For each gene, a second PCR amplification was carried out using these two PCR fragments and an antibiotic (erythromycin or tetracycline) resistance cassette as a template to synthesize a fragment carrying the antibiotic resistance cassette flanked by the upstream and downstream chromosomal regions of the gene. This PCR fragment was used to transform S. mutans strain UA159. The antibiotic resistance cassette was integrated at the corresponding locus by a double-crossover event leading to the deletion of the targeted gene. The mutants obtained are listed in Table 1 . Regions flanking the deletions were verified by sequencing to ensure the absence of PCR-induced mutations.
L-Methionine uptake and substrate specificity of the AtmBDE transporter. S. mutans cells were grown at 37°C to mid-exponential growth phase (OD 600 of 0.4) in 2 ml of CDMϩC for the wild type and 2 ml of CDMϩCM for the metR mutant. Cells were harvested, washed twice with CDM containing 100 g of chloramphenicol/ml, and resuspended in 2 ml of CDM containing chloramphenicol. L-[
14 C]methionine (68 Ci/mol; MP Biomedicals) was added to a concentration of 1.5 M, and cells were incubated at 30°C for uptake experiments. Samples (200 l) were withdrawn at intervals and filtered through 0.45-m-pore-size Durapore membranes (catalog no. HVLP02500; Millipore). Filters were washed with 3 ml of CDM and dried, and the radioactivity was measured by scintillation counting. The effect of the addition of unlabeled amino acids or sulfur compounds at a concentration of 15 M to the reaction mixture containing 1.5 M
L-[
14 C]methionine was determined. A 5-min transport kinetics analysis was performed to ensure the linearity of the curves. The inhibition of L-methionine uptake at 2 min was determined.
Construction of lux transcriptional fusions and determination of Lux activity in S. mutans. The luxAB reporter genes were placed under the control of the metE promoter region. The metE-lux fusions were integrated at the metE locus of S. mutans as described previously (19) . Briefly, chromosomal DNA from S. mutans UA159 was used as a template to amplify DNA fragments containing the wild-type or mutant metE promoter variants. PCR fragments were cloned into the pGEM-T easy vector, sequenced, and introduced into the streptococcal integration vector pJIM4900 upstream of the luxAB genes ( Table 1 ). The resulting plasmids were integrated by a single-crossover event at the metE locus in the S. mutans UA159 chromosome. Strains carrying a single copy of the integrated plasmids were identified by PCR with specific primers. The resulting strains (Table 1 ) contained a PmetE-lux transcriptional fusion as well as an intact copy of metE. Luciferase assays were carried out with a Lumat LB9501 apparatus (Berthold Technologies, Bad Wildbad, Germany) (19) .
RNA isolation, transcriptional start site mapping, and real-time QRT-PCR. Total RNA was isolated as described by Sperandio et al. (41) . Residual chromosomal DNA was removed by treating total RNA preparations with RNasefree DNase I according to the protocol of the manufacturer (Roche). The RNA concentration was determined by absorbance at 260 nm, and the quality of RNA preparations was checked as described previously (20) . The transcriptional start sites of the atmB, cysD, metA, metE, smu.1387c, smu.1486c, smu.1487, and urk genes were determined by using a kit for the 5Ј-3Ј rapid amplification of cDNA ends (Roche). Real-time quantitative reverse transcription-PCR (QRT-PCR) was carried out using first-strand cDNA as the template. The primers used are listed in Table 2 . The synthesis of cDNA and quantitative PCR were carried out as described previously (41) . For each gene, QRT-PCR experiments were performed in triplicate. Results were normalized by using the gene coding for the translational elongation factor Tu (smu.714).
Purification of histidine-tagged MetR protein and gel retardation assay. The metR gene carrying a histidine (His 8 ) tag coding sequence at its 3Ј end was generated from the S. mutans UA159 chromosome by PCR with specific primers ( Table 2 ). The purified PCR product was digested with NdeI and NsiI and ligated into the corresponding sites in vector pTYB1 (New England Biolabs), resulting in pJIM5793. E. coli ER2566 carrying plasmid pJIM5793 was grown in LuriaBertani medium at 30°C ( , 100 mM NaCl, 0.5 mM EDTA, 2 mM MgSO 4 , 1 mM dithiothreitol, 20% glycerol) in the presence of 0.1-g/liter concentrations of poly(dI-dC)-poly(dI-dC) (GE Healthcare) and bovine serum albumin. Reaction mixtures were incubated at room temperature for 10 min, and samples were run at 4°C in Tris-borate-EDTA (1ϫ) on a 6% polyacrylamide gel. Radioactive bands were detected and quantified using storage PhosphorImager screens and ImageQuant software (Molecular Dynamics).
RESULTS
Methionine metabolism in S. mutans. S. mutans methionine metabolic genes were identified by the analysis of the potential sulfur amino acid biosynthetic pathways in this bacterium based on the genome sequence of strain UA159 (Fig. 1 ). Cysteine appears to be synthesized from serine with sulfide or thiosulfate by the sequential action of CysE and CysK. Homocysteine, which may be produced from cysteine (by MetA, MetB, and MetC), sulfide (by MetA and CysD), or methionine (by MetK, Pfs, and LuxS), may be converted into methionine by MetEF and possibly by a putative homocysteine S-methyl- transferase (Smu.1487). In addition to synthesizing methionine, S. mutans may take up methionine from the environment, as the atmBCDE cluster encodes components of an ABC transporter belonging to the MUT family (48) and the Smu.16 permease is homologous to BcaP (34% identity), which is involved in methionine uptake in L. lactis (8) (Fig. 1) .
To test this in silico analysis, the ability of strain UA159 to grow in the presence of various sulfur sources was examined (Table 3) . Growth was observed on CDM plates containing thiosulfate or sulfide, showing that these compounds can be used to synthesize cysteine and methionine, as well as on plates containing cysteine, which can thus be converted into methionine, in agreement with the results of the in silico analysis (Fig.  1) . The growth of unusual, translucent pinpoint colonies on agar plates with CDM containing methionine as the sole sulfur source was observed, although S. mutans UA159 does not encode the enzymes known to be involved in the synthesis of cysteine from methionine, suggesting the existence of a yetunknown conversion pathway.
A functional study of mutants was performed to confirm the roles of atmB, atmBCDE, metE, cysD, and smu.1487 gene products in S. mutans methionine metabolism. The ⌬cysD and ⌬smu.1487 strains grew similarly to the wild-type strain under all conditions tested (data not shown). The growth patterns of the ⌬metC and ⌬metC ⌬cysD strains were in agreement with the proposed role of MetC as a cystathionine ␤-lyase and showed the nonfunctionality of the sulfhydrylation pathway (via CysD) ( Table 3 ). The inability of a metE mutant to grow in the absence of methionine, even in the presence of other sulfur compounds, indicates that MetE is the unique functional methionine synthase of S. mutans UA159.
⌬atmB and ⌬atmBCDE mutants were unable to grow on CDM containing thiosulfate or D-methionine as the sole sulfur source (Table 3) , indicating the involvement of the AtmBDE system in the assimilation of these compounds. The mutants grew similarly to the wild-type strain with a high concentration of L-methionine (670 M) but not with a low concentration (50 M), suggesting that the AtmBDE uptake system has a strong affinity for L-methionine. This conclusion is supported by the observation that the growth of the ⌬atmB and ⌬atmBCDE mutants in CDMϩC was not affected by the addition of 700 M seleno-L-methionine, a toxic analog of L-methionine, whereas the growth of the wild type was greatly reduced. The AtmBDE transport system was further investigated by comparing L-methionine uptake in the wild-type strain to that in the ⌬atmB and ⌬atmBCDE mutant strains. L-Methionine uptake was detected in the wild-type strain but not in the atm mutants (Fig. 2) . Moreover, a decrease in L-[
14 C]methionine uptake in the wild-type strain was measured when a 10-fold excess of nonradioactive L-methionine (96% reduction), selenomethionine (96% reduction), D-methionine (89% reduction), or homocysteine (47% reduction) was added, demonstrating the direct role of AtmBDE in the uptake of these compounds. Therefore, AtmBDE plays an essential role in the transport of various sulfur compounds.
Involvement of MetR (formerly Smu.1225) in S. mutans methionine metabolism. In order to examine the role of Smu.1225, an LTTR of S. mutans, a ⌬smu.1225 mutant was constructed by the chromosomal replacement of the entire smu.1225 gene with an erythromycin resistance cassette. The growth of the mutant in the presence of various sulfur compounds was tested (Table 3) . Interestingly, growth in the absence of methionine was impaired even when other sulfur compounds were provided in the medium, as observed for the metE mutant. Furthermore, the ⌬smu.1225 mutant was unable to transport Lmethionine at a low concentration, similar to mutants with deletions of the atm cluster genes (Fig. 2) . These results suggest that Smu.1225 is required for the expression of genes involved in methionine biosynthesis and uptake and that metE and the atm cluster may be its targets. Smu.1225 was therefore renamed MetR for methionine regulator.
Identification of potential MetR target genes in S. mutans. LTTRs generally recognize operators having a T-N 11 -A consensus sequence, displaying partial dyad symmetry, and located 50 to 80 bp upstream of the transcriptional start sites of regulated genes (38) . A search for motifs of this type in the promoter regions of the metEF and atmBCDE clusters was performed. To facilitate this search, the transcriptional start sites of these genes were mapped (Fig. 3) . The sequence TAGYTTWWAKCTA was found 58 and 70 bp upstream of the respective transcriptional start sites of these clusters. This sequence is part of a motif (TATAGTTTNAAACTATA) previously identified upstream of methionine metabolic genes of streptococci (36) . A search of the entire genome of S. mutans revealed the presence of this motif in the promoter regions of the cysD, metA, smu.1487, smu.1486c, smu.1387, urk, and smu.1936c genes. The transcriptional start sites of these genes were determined in order to check whether the motif was positioned as expected for an LTTR DNA-binding sequence (Fig. 3) . No transcriptional start site upstream of smu.1936c could be mapped, suggesting that this gene forms part of the same operon as the atmBCDE cluster. metE, cysD, and metA were transcribed from two promoters, one of which was properly located downstream of the motif. Finally, the motif was found to be distant from the start sites of the smu.1486c, smu.1387, and urk genes (Fig. 3) , which have no homology with known methionine metabolic genes, suggesting that these genes are not regulated by MetR. This finding was later confirmed by QRT-PCR (results not shown), and therefore, the study of these genes was discontinued. In conclusion, the conserved 17-nucleotide sequence identified in the promoter regions of atmB, metE, cysD, metA, and smu.1487 appears to be a good candidate for MetR operators and is hereinafter designated the Met box. In vitro analysis of MetR binding to promoter regions containing a Met box motif. MetR interaction with promoter regions containing a Met box motif was assessed in vitro by gel mobility shift assays. For this purpose, MetR carrying a histidine tag at its C terminus (MetR-His 8 ) was purified. Radiolabeled PCR fragments corresponding to the different promoter regions were incubated with increasing amounts of MetR-His 8 (Fig. 4) . The bands corresponding to the promoter regions of the cysK and metR genes, devoid of the Met box motif, showed no shift even at the highest concentration of MetR-His 8 . In contrast, retardation of the bands corresponding to the pro-
FIG. 2. Methionine uptake in various S. mutans strains. Time course for L-[
14 C]methionine uptake into S. mutans strains UA159 (wild type; }), JIM8862 (⌬atmB; OE), JIM8863 (⌬atmBCDE; f), and JIM8860 (⌬metR; ϫ). 
a Washed precultures of S. mutans UA159 and its derivatives were streaked onto CDM plates supplemented with different sulfur sources, and the abilities of the strains to grow were evaluated as a function of colony morphology on agar plates. C, L-cysteine; M, L-methionine (used at 670 M if not otherwise specified); ϩ, normal colonies; Ϯ, pinpoint translucent colonies; Ϫ, no colonies; NT, not tested. Pinpoint colonies were approximately 10 times smaller than normal colonies, and growth on CDMϩCM or M17 medium restored a normal colony morphology.
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moter regions of the smu.1487, metA, cysD, metE, and atmB genes, which contain Met boxes, was observed. Moreover, the complex of MetR-His 8 and smu.1487 could be disrupted by adding a 50-fold excess of an unlabeled smu.1487 fragment but not by adding a 50-fold excess of a cysK promoter fragment (Fig. 4 and data not shown). Finally, pairs of base substitutions in the metE MetR boxes (substitutions T 73 3 G and A 85 3 G and substitutions T 104 3 G and A 116 3 G) affecting the conserved LTTR sequence (T-N 11 -A) completely abolished the shift of the modified fragment in the presence of MetR-His 8 (Fig. 4) . These results indicate that the Met box motif is required for the formation of the MetR-DNA complexes. We conclude that MetR specifically interacts with promoter regions containing a Met box and that substitutions within this box in the metE promoter region alter the binding of MetR.
Transcriptional analysis of metR and Met box-containing genes. The transcription of metE, smu.1487, atmB, smu.1936c, cysD, metA, and metR in cells grown in CDMϩM, CDMϩC, or CDMϩCM was measured by QRT-PCR (Table 4) . Methionine depletion significantly affected metE, smu.1487, atmBCDE, and smu.1936c expression, while cysteine depletion had no effect. metE, with a 39-fold increase in expression, was the gene most strongly induced in the absence of methionine. In contrast, the expression of cysD, metA, or metR was not modulated under the same conditions. These results indicate that metE, smu.1487, atmB, and smu.1936c are regulated at the transcriptional level through a mechanism dependent on methionine availability.
To assess the role of the Met boxes in this regulation, the effects of different modifications in the metE promoter region were examined using metE-lux transcriptional fusions (Fig. 5) . Reporter activity from fusions with the complete metE promoter region (P1 and P2) was 55-fold higher in cells grown in CDMϩC than in cells grown in CDMϩCM, in agreement with the QRT-PCR results. In contrast, when P2 was deleted, a low and constant level of transcription in both CDMϩC-and CDMϩCM-grown cells was observed. These results show (i) the minor role fulfilled by P1 in metE transcription and (ii) the role of P2 in the methionine-dependent induction of metE. Lastly, no significant modulation of reporter activity was found for promoter regions containing no or only one of the two Met boxes (Fig. 5) , indicating that the methionine-dependent regulation of P2 requires the two Met boxes.
To confirm the role of MetR in this control, the expression of the metE-lux fusion in a metR mutant was monitored. Since this mutant is auxotrophic for methionine, cells were grown in rich medium containing methionine and cysteine to an OD 600 of 0.2, washed, and resuspended in CDMϩC or CDMϩCM, and the luciferase activity was monitored (Fig. 6A) . As expected, metE expression in the wild-type cells held in methi- (Fig. 6A, central  panel) . Methionine-dependent transcriptional induction of the metE-lux fusion was also abolished in the metR mutant, demonstrating the activator role of MetR in metE transcription (Fig. 6A, right panel) . In the same way, the levels of atmB, smu.1936c, and smu.1487 expression in the metR mutant decreased two-, two-, and sevenfold, respectively, compared to the levels in the wild type (data not shown). Taken together, these results show (i) that the transcription of metEF, smu.1487, and the atmBCDE-cnhA-smu.1936c-smu.1935c-smu.1934c-smu.1933c cluster is controlled by a signal dependent on the methionine supply in the medium and (ii) that the MetR activator and the Met boxes are required for this control in vivo.
Homocysteine induces MetR-dependent transcription and increases the affinity of MetR for DNA. Transcriptional activation by LTTR proteins requires coeffectors, which are typically intermediates of the regulated pathways (38) . To identify a possible MetR coeffector, the effect of the addition of several metabolites to CDMϩCM (nonactivating conditions) on the expression of the PmetE-lux fusion was tested. No change in the luciferase activity upon the addition of N-acetylserine, thiosulfate, OAS, or sulfide was observed (data not shown). In contrast, luciferase activity increased rapidly upon the addition b Gene clusters were deduced from a sequence analysis and transcriptional start site mapping (Fig. 3) . c The effect of homocysteine on gene expression was evaluated 45 min after the addition of 4 mM homocysteine to exponentially growing cells (OD 600 of 0.2).
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of homocysteine (Fig. 6B, left panel) . This induction was abolished in strains with either modified Met boxes in the promoter region or a metR mutation (Fig. 6B, central and right panels) . Homocysteine also triggered the transcription of smu.1487, atmB, and smu.1936c to levels similar to those observed in the absence of methionine but did not affect the expression of the methionine-independent cysD, metA, and metR genes (Table  4) . Homocysteine induction was therefore specific to the MetR-and methionine-dependent genes and required MetR and Met boxes. In order to further test the role of homocysteine as a coeffector of MetR in vivo, we attempted to modify the intracellular homocysteine pool. Homocysteine appears to be produced from cystathionine by MetC and/or eventually from O-acyl homoserine and sulfide by CysD, while it is converted into methionine by MetE (Fig. 1) (see "Methionine metabolism in S. mutans" above). The intracellular homocysteine concentration is thus expected to increase in a metE mutant and to decrease in a cysD metC double mutant. In agreement with these assumptions, the levels of expression of atmB and smu.1487 were (i) fourfold higher in a metE mutant than in the wild-type strain in the absence of methionine (conditions activating homocysteine synthesis) and (ii) four-to eightfold lower in a cysD metC double mutant in the presence of methionine, as assessed by QRT-PCR. These changes were specific to MetR-controlled genes, since under the same conditions, the level of urk or luxS expression remained unchanged. We conclude that alterations of the homocysteine intracellular pool affect MetR-dependent transcription, suggesting that homocysteine is the MetR coeffector in vivo.
The effect of homocysteine on MetR binding to DNA was assessed by gel shift assays. At low concentrations of MetRHis 8 , the bands corresponding to the promoter regions of smu.1487, metE, and atmB were retarded in the presence of homocysteine compared to those in the absence of homocysteine ( Fig. 7 and data not shown) . Typically, the concentration of MetR-His 8 required to shift 50% of the smu.1487 promoter probe (as an approximation of the K d ) was 10 nM in the presence of homocysteine, while it was 50 nM in the absence of homocysteine. Therefore, MetR displayed an increased affinity for its target sequences in the presence of homocysteine. The role of homocysteine as a coeffector for S. mutans MetR is thus supported by both in vivo and in vitro data.
MetR-dependent regulation in other streptococci. A motif similar to the Met box was previously identified upstream of several genes involved in methionine biosynthesis and uptake in other streptococci (36) . Interestingly, a protein showing a high degree of similarity to MetR (78 to 90% identity) is present in these species, suggesting a common regulatory pathway for methionine metabolism in streptococci. To test this hypothesis, we inactivated the metR-like gene of S. thermophilus. The promoter regions of its atmB (formerly str0297)-and metE (formerly str0785)-like genes contain Met boxes. The level of induction of these genes in S. thermophilus wild-type and metR mutant strains by homocysteine was measured by QRT-PCR. In the wild-type strain, the addition of homocysteine induced the expression of the metE-and atmB-like genes 9.3-and 2.2-fold, respectively. In contrast, homocysteine had no effect on the expression of these genes in the metR mutant strain. These results indicate that MetR and homocysteine control the expression of two Met box-containing genes in S. thermophilus, confirming that similar regulatory mechanisms operate in S. thermophilus and S. mutans.
DISCUSSION
In this study, we have shown that key genes for methionine synthesis and uptake in S. mutans are under the control of MetR, an LTTR, which requires (i) Met boxes for in vitro DNA binding and in vivo transcriptional activation and (ii) homocysteine as a coeffector. The Met box motif has previously been proposed to contribute to the control of methionine metabolic genes in streptococci on the basis of the findings from a comparative genomic study (36) . This regulation is reminiscent of the control of the E. coli methionine synthase gene, which is activated by an LTTR with homocysteine serving as the coeffector (30, 43, 44) , as shown for S. mutans (this work). However, the S. mutans and E. coli regulatory binding sites are different (references 16 and 43; also this study), suggesting a functional convergence of these regulatory systems rather than a direct phylogenic relationship. In contrast, to our knowledge, among gram-positive bacteria this control is unique to streptococci. Methionine metabolism genes are controlled by the S-box termination-antitermination system in Bacillales and "Clostridia," whereas their regulation likely involves a tRNA-dependent T-box system in "Lactobacillales" (17, 18, 36) . Neither S-box nor T-box motifs were found in the promoter regions of methionine metabolic genes in S. mutans and other streptococci. Methionine synthesis and uptake in S. mutans. The methionine metabolic pathways in S. mutans were studied by genomic and functional analyses. They resemble the previously described pathways in L. lactis (41) , with two differences: (i) the use of thiosulfate as a sulfur source and (ii) the absence of known methionine-to-cysteine conversion pathways.
Two pathways may allow the synthesis of the direct precursor of methionine, homocysteine, from cysteine or sulfide: the transsulfuration (MetA, MetB, and MetC) and sulfhydrylation (MetA and CysD) pathways. Here, we showed that only the transsulfuration pathway ensured rapid growth under our experimental conditions. However, the observed residual growth abilities of the metC and metC cysD mutants suggest the existence of an additional pathway for homocysteine biosynthesis. Possibly it involves sulfhydrylation carried out by MetB, as a homolog in S. anginosus was shown to posses O-acetylhomoserine sulfhydrylase activity in addition to cystathionine ␥-synthase activity in vitro (47) . Concerning the conversion of homocysteine into methionine, we have shown that the methionine synthase MetE was essential for the growth of S. mutans in the absence of methionine. This result indicates that Smu.1487, which was proposed to be a methionine synthase on the basis of results from genomic studies (36) and whose transcription was induced in the absence of methionine (this work), is not able to catalyze this reaction. In L. lactis, the homologous protein (YhcE; 31% identity) is involved in methionine recycling into homocysteine (41), a pathway that appears not to be functional in S. mutans. Further studies are required to elucidate the role of this protein in S. mutans.
In addition to synthesizing methionine de novo, S. mutans can take up methionine from the environment. Here, we show that several transport systems are involved in L-methionine uptake by S. mutans, as observed previously for E. coli, B. subtilis, and L. lactis (8, 23, 24, 25, 41) . One of these systems, FIG. 6 . Effects of Met box or MetR inactivation on methionine (A)-and homocysteine (B)-dependent regulation of metE transcription. Levels of luciferase activity (amount of Lux per OD 600 unit) from the UA159 wild-type (JIM8867 and JIM8870) and ⌬metR mutant (JIM8873) strains expressing the wild-type PmetE-lux fusion and the Met box mutant PmetE-lux fusion (⌬Met-boxes) were measured. (A) Cells were grown in M17 medium to early exponential phase (OD 600 of 0.2). Bacterial cultures were split in two, washed, and resuspended in CDMϩC (छ) or CDMϩCM (}) (time zero). Cells were held in these media for 90 min, and luciferase activity was measured. (B) Cells were grown in CDMϩCM to early exponential phase (OD 600 of 0.2). Bacterial cultures were split in two, and 4 mM homocysteine was added to one of the aliquots. The level of luciferase activity from cells cultivated in the presence (}) or in the absence (छ) of 4 mM homocysteine was measured. The x axis shows the period of incubation after the addition of homocysteine (time zero). One curve representative of the results from at least three experiments is presented.
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the AtmBDE system, belongs to the MUT family of ABC transporters (48) . This system is also able to take up D-methionine, selenomethionine, and homocysteine. Surprisingly, mutants with deletions in the atm cluster do not grow with thiosulfate as the sole sulfur source, suggesting a role of the Atm proteins in thiosulfate transport, while other members of the MUT family are typically involved in methionine uptake (23, 33, 41, 48) and have not been reported to transport thiosulfate. Interestingly, the S. mutans genome does not contain genes encoding proteins homologous to previously described thiosulfate transporters in other bacteria (26, 40) . Whether AtmBDE is directly involved in thiosulfate transport or required for the expression of still-uncharacterized thiosulfate assimilation genes remains to be determined. Regulatory scheme for the control of methionine synthesis and uptake in S. mutans. MetR activates in vivo the transcription of two gene clusters and smu.1487, encoding methionine synthase (MetE), a potential homocysteine S-methyltransferase (Smu.1487), and an L-methionine transporter (AtmBDE). An essential step in this activation is the binding of MetR to the promoter regions, which requires a 17-bp palindromic sequence, the Met box. Interestingly, a Met box is also found in the promoter regions of two other methionine metabolic genes (metA and cysD). Although MetR interacts with their promoter regions in vitro, the expression of these genes is not modulated by MetR in vivo. The presence of a second promoter, which is located upstream of the Met box and is likely MetR independent, may explain the absence of MetR control under our experimental conditions.
Most LTTR proteins require a coeffector to activate the transcription of their targets (38) . Here, we propose that homocysteine is the MetR coeffector in vivo. First, the addition of homocysteine to a methionine-supplemented medium triggered the expression of MetR-dependent genes. Second, mutations likely affecting the intracellular homocysteine concentration altered the expression of the MetR-controlled genes.
Finally, homocysteine enhanced the DNA-binding affinity of MetR for its target promoters in vitro.
Interestingly, although most LTTR proteins regulate their own transcription (38) , the levels of expression of metR were found to be similar under all conditions tested, in agreement with the inability of MetR to form a complex with its own promoter, which lacks a Met box. The amount of MetR in the cells, therefore, would be constant, and the activation of MetRcontrolled genes would depend mainly on the availability of the coeffector, as proposed for several other LTTRs (6, 35) . These results support a model in which homocysteine plays a crucial regulatory role in S. mutans.
A corollary of the model is that, in the absence of methionine, homocysteine is produced in the cell at a level sufficient to activate MetR-dependent regulation. In contrast, in the presence of methionine, the homocysteine concentration should decrease to relieve activation. In the presence of methionine, the MetR regulon was rapidly activated upon the addition of homocysteine, confirming the limitation of the homocysteine concentration under the repressing conditions. Therefore, this model implies (i) sufficient levels of expression of the genes involved in homocysteine biosynthesis (metA, metB, metC, cysD, metK, pfs, and luxS) and (ii) the control of homocysteine synthesis by a signal dependent on methionine availability. Such controls have been described previously. Homoserine O-acyltransferase (MetA) is under allosteric control by methionine and SAM in E. coli and B. subtilis (2, 16) . In addition, the synthesis of MetK, the first enzyme of the SAM recycling pathway, is regulated by SAM through a riboswitch mechanism in enterococci and possibly in streptococci (12, 13) . Whether such control systems modulate the cellular homocysteine pool in S. mutans remains to be determined.
Control of methionine synthesis and uptake genes in streptococci. The regulation of methionine metabolism by MetR with homocysteine as the coeffector as found in S. mutans may well be conserved in other streptococci. First, genes for MetR- like regulators are present in all sequenced streptococcal genomes. Second, the expression of genes involved in methionine uptake and biosynthesis is modulated by homocysteine and MetR in at least two streptococci, S. mutans and S. thermophilus. Moreover, MtaR, the MetR-like regulator in S. agalactiae, positively controls the synthesis of a still-uncharacterized methionine transporter (39) . The genome of this bacterium encodes a probable methionine ABC transporter (the product of gbsS1688-gbsS11686-gbsS11685 and gbs0957) showing a high degree of similarity to the S. mutans AtmBDE transporter. The promoter regions of the S. agalactiae genes also contain Met boxes, in agreement with the decreased level of methionine transport observed in an mtaR mutant (36, 39) . Finally, Met boxes are present upstream of methionine metabolism genes in several streptococci. However, the number of MetR-regulated genes may vary greatly among streptococci (36; E. Guédon, unpublished data), from one gene (metE in L. lactis or atmB in S. pyogenes) to four to five transcriptional units (S. thermophilus and S. pneumoniae). The differences may be related to the absence of the corresponding genes in some species, such as S. pyogenes, which encodes no protein homologous to Smu.1487, CysD, MetA, or MetE. They may also reflect different regulation mechanisms in some species, such as L. lactis, which contains a complete methionine biosynthetic pathway in which a master regulator controls most of the genes involved in cysteine and methionine biosynthesis (41) .
Surprisingly, MetR seems to operate in several streptococci lacking the known proteins involved in homocysteine synthesis from cysteine or sulfide (MetA, MetB, MetC, and CysD), such as pathogenic species (S. pyogenes, S. agalactiae, and S. uberis). Therefore, in these species, MetR-dependent regulation may rely on the presence of an external homocysteine source (which may be imported by an AtmBDE-like system, as shown for S. mutans) or the synthesis of homocysteine from methionine via the SAM recycling pathway. Both hypotheses find support in the fact that all sequenced streptococcal genomes encode an Atm-like system and a complete SAM recycling pathway. The natural presence of homocysteine in blood and tissues would support the former hypothesis, at least for the pathogenic streptococci. Alternatively, homocysteine may not be the in vivo MetR coeffector in these streptococci. Further work will be required to confirm the validity of the S. mutans signaling pathway for pathogenic streptococci, in which MetRdependent genes play an important role in survival in vivo (39) .
